The regional variation of seismicity along the northern Honshu arc, Japan, is studied using accurate focal depths and focal mechanism types. We use focal depths determined from pP-P time intervals reported in the ISC bulletins. For submarine earthquakes, depths are corrected by considering the pP phase reported in the bulletins as the pwP phase (the reflection from the ocean surface). Out of more than 600 well-located earthquakes selected from the ISC bulletins, we determine the types of the focal mechanisms of 184 events using P wave first motion data. Based on historical seismicity of great and large earthquakes, we divide the zone of thrust type earthquakes at the plate interface into two regions: the shallow thrust zone ( 
INTRODUCTION
The discovery of the double seismic zone beneath trenchisland arc systems, revealed by detailed analyses of seis-
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Historical and recent seismicity along the Japan trench represents typical subduction seismicity. Although it is typical, we can find a great variety of modes of seismicity.
Historically, great (Ms >• 7.8) or large (Ms >• 7.4) earth-
quakes have recurred, but occurrence of these events has never been uniform over the entire length of the arc. In this section, we summarize the historical seismicity for great and large earthquakes. We will relate characteristics From the local intensity distribution and many other sources of information including the reports from the seismological bulletins of the Central Meteorological (unpublished manuscript, 1982) made a detailed cross Observatory (formerly Japan Meteorological Agency, section of the seismicity and determined focal mecha-JMA), Utsu [1979b Utsu [ , 1982 recompiled the epicentral locanisms for events prior to the occurrence of and in the tion and magnitude of all earthquakes, M>6 (in the rest vicinity of the Miyagi-Oki Ms=7.5 earthquake of 1978, of the paper M denotes a magnitude determined with northern Honshu, Japan. They studied the occurrence of respect to JMA magnitude), which occurred around Japan moderate size earthquakes around the interface of two from 1885 to 1925. Combining his data with other earthconverging plates (30-150kin depth) to determine the quake catalogues (JMA, ISS, ISC, PDE, Gutenberg and pattern of seismicity which might be related to the occur-Richter [1954] , Geller and Kanamori [1977] , and Abe rence of the large earthquake. They used earthquakes [1981] ), we have a very good record of seismicity of large with focal depths determined from depth phases and earthquakes around Japan for about the last 100 years decided the types of focal mechanism by using a method . Figure 1 shows the seismicity of large which allows a larger number of earthquakes with (Ms>•7.4) earthquakes along the Japan trench during this mb>4.0 to be analyzed. They found a triple-planed struc-period, and they are also listed in Table 1 . The closed ture of seismicity which we here call a triple seismic zone, areas represent the focal regions of large earthquakes. at the seaward edge of the double seismic zone, where From the pattern of occurrence of these earthquakes, we the double seismic zone extends seaward beyond the divide the subduction zone along the Japan trench into aseismic front and overlaps with the zone of low-angle four sections, A, B, C, and D as seen in Figure 1 . thrust type earthquakes at the interface of two converging Because the subduction of the Philippine Sea plate along plates. They related this to the stress concentration the Sagami Trough (Figure 1 )makes seismicity complex around the focal region of the Miyagi-Oki earthquake at the southernmost part of the arc, we do not include prior to its occurrence. the region south of region D in this study. Also, the
In the present paper, we extend their work in space to region north of region A, where the Kuril arc meets the distinguish the regional and temporal variation of seismic-northern Honshu arc, is not included in this study for ity along the subduction zone of the northern Honshu similar reasons. [Utsu, 1974; Usarni, 1975; Hatori, 1975] ; however, the nature of faulting and precise locations are not well known.
Therefore, region B is anomalous in the activity of great or large earthquakes; although the 1896 earthquake can be a thrust event, this region lacks typical great thrust type earthquakes at least for the past 200 years. The occurrence of the great normal fault type event and the tsunami event suggests that the plate interface in this region is not coupled strongly. This is also supported by the activity of smaller magnitude events, as will be shown later.
Region C
Zone 'c' is the rupture area of the 1897 M--7.7 earthquake determined from tsunami data [Hatori, 1975; Aida, 1977] . Historical data suggest that a similar event occurred in 1793 [Hatori, 1975; Aida, 1977; Seno, 1979] . From tsunami analysis, Aida [1977] [Utsu, 1980] because magnitudes determined from the data recorded in Japan are much smaller than those determined at the teleseismic stations [Utsu, 1979b] . No historical earthquake is known to have occurred in the farther offshore area in this region.
Deep and Shallow Thrust Zones
As mentioned earlier, the pattern of occurrence of great and large earthquakes changes from region to region. Although we have to note that the interpretation of the data (especially the rupture zone) for historical earthquakes is biased by the data of recent large events for which many pieces of information are available, the regional variation of seismicity of large events along the northern Honshu arc can be summarized as follows: (1) decrease of great earthquake activity from north to south, (2) the rupture zones of great earthquakes are located on the landward side of the trench (the zones 'a' and 'c'), The earthquakes (mo < 5.5) for which we could not produce reliable nodal plane solutions from long-period data were classified according to the type of faulting, using the following method of Seno and Pongsawat [1981] . Assuming that there exist only three types of faulting, low-angle thrusting, down-dip compression, and down-dip tension, we classify the events into one of the above three types which is consistent with the P wave first motion data reported in the ISC bulletins. We use P wave first motion data of JMA statiorls whose epicentral distances are less For the earthquakes which cannot be classified definitely into one of the above three types, we provided a further weak classification. Those events which can be consistent with either two of the three types are classified into another category (see Table 3 however, it seems worthy to note that there occurred a number of events in the offshore area well beyond the aseismic front (see Figure 5a for the location). Although Yoshii [1979a] proposed that the aseismic front may between 41øN and 36øN. Figure 6 shows a cross section of seismicity and mechanism type in each region. In Figure 7 , only those earthquakes which could be classified into one of the three main types are plotted as a cross section.
In region A, the overall seismicity is very active with a slight indication of the double seismic zone deeper than 60km (Figure 6a) . 'D' type events are distributed from the shallow zone near the trench to the 60km depth. Although we can find some seismicity immediately below the deep thrust zone, it is much less active than that seen in regions C and D. Most events belonging to this activity did not provide the information on the type of mechanism. It should be noted that region A and the northern part of region B have experienced the great 1968 Tokachi-Oki earthquake, which is the only great earthquake within the time period of this study. Therefore many shallow events should be considered as the aftershocks of that event. However, the plot without those aftershocks does not basically change the pattern in Figures 6a and 7a. Region B shows an interesting feature: the presence of a seismic gap at the deep thrust zone, while activity in the shallow thrust zone is rather high. The same feature can also be noticed in the map views of 'D' and 'A' type events (Figures 5a and 5b) . The double seismic zone can be seen here as in other regions; however, it does not extend seaward beneath the deep thrust zone. Both the seismicity at the deep thrust zone and immediately beneath the zone is very low in this region. The nature of this gap will be discussed in detail later.
In region C, the double seismic zone which is characterized by 'C' and 'T' type events, extends immediately beneath the deep thrust zone and forms a triple seismic zone (Figures 6c and 7c) . The 1978 Ms--7.5 Miyagi-Oki earthquake occurred in the deep thrust zone of region C. The time period treated in this study is just until the occurrence of this large event. Seno and Pongsawat [1981] suggested that the triple seismic zone was one of the precursory phenomena. The activity in the shallow thrust zone is low, which may reflect the gap in the activity prior to a great earthquake in this region; the region has been monitored as one of the possible areas of nearfuture occurrences of great earthquakes [Seno, 1979; Utsu, 1979a] . The other prominent feature is the lesser activity in the deeper part (> 100km) of the double seismic zone in region C compared with other regions (Figures 5c, 6c, and 7c) . Table 3 . The larger symbols correspond to those events of which the nodal plane solutions are obtained from long-period records.
DISCUSSION

Depth Phases
It has been noticed that for submarine events, pP phases reported in the ISC bulletins are often actually pwP phases, the reflection from the ocean surface [Mendiguren, 1971; Yoshii, 1979a zone. However, because the stress there is less than the critical stress above which earthquakes can happen, we will not see any continuation of the double seismic zone. At the plate interface of the deep thrust zone where large earthquakes recur, a coupling between the plates at the rupture zone would produce a gradual stress buildup there which would approach the strength of the zone just prior to the occurrence of the large event. This stress buildup would also load the slab near the rupture zone and disturb the preexisting stress pattern, which could result in earthquakes within the slab farther seaward of the double seismic zone and beneath the deep thrust zone, resulting in a triple seismic zone.
Although we have not calculated the stress pattern within the slab which would be caused by coupling at the plate interface and although the stress within the descending slab may be very complex, we note here that the normal component of the force transmitted through the interface is in the sense to enlarge the unbending of the oceanic plate. In order to discuss the stress more precisely, we need to include modeling the stress responsible for the double seismic zone itself. Goto and Hamaguchi [1980] , who proposed that the double seismic zone could be explained by thermal stresses caused by the temperature difference between the asthenosphere and the slab, made a calculation using a finite element method to include the coupling at the thrust zone. The zone of down-dip compression extends farther upward beneath the thrust zone when the upper boundary of the descending slab is held fixed in the depth range of 0-100km in space. This partially supports our proposal that the triple seismic zone results from the stress buildup at the deep thrust zone.
We note here that in region B, we can see neither activity at the deep thrust zone nor a double seismic zone beneath the deep thrust zone. Historical seismicity data Table 2 . For thrust type mechanisms, it is often di•cult to constrain the shallower dipping nodal planes. For such cases, we assumed that they are pure dip slip mechanisms.
